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C
eramic mould casting is a precision casting technique 
which can provide high dimensional accuracy, low surface 
roughness, low cost and other benefits. The binder is one of the 
most critical materials in ceramic mould casting. Traditionally, 
alcohol based TEOS (Tetraethyl orthosilicate) hydrolysis 
binder is used in most foundries. However, with more strict 
environmental protection requirements all over the world, the 
TEOS hydrolysis is restricted in application due to serious 
VOC (volatile organic compound) problem, security risk, etc.
Silica sol as a binder is a water-based colloidal solution 
containing silica gel particles 
[1]. It overcomes the VOC 
problem, but it introduces other issues, such as long gelling 
time, low green strength and large shrinkage rate. Large 
shrinkage could lead to high internal stresses that make mould 
cracking when the shrinkage is restricted by some factors such 
as mould cores, and even failure of the green body of ceramic 
Abstract: To improve the crack-resistance of the mould for silica sol bonded quartz based ceramic mould casting, 
aluminum silicate fibers with the diameter ranging from 5 µm to 25 µm and the length about 1 mm were dispersed in 
the ceramic mould. The effect of the aluminum silicate fibers on the tensile strength, shrinkage rate and the cracking 
trend of the ceramic mould were investigated. In the ceramic slurry, quartz sand was applied as ceramic aggregate, 
silica sol containing 30% silicon dioxide as bonder, and the weight ratio of quartz sand to silica sol was 2.69; the 
dispersed fibers changed from 0 to 0.24vol.%. The mould samples were formed after the slurry was poured and 
gelled at room temperature, and then sintered at different temperatures ranging from 100 to 800 ℃ to measure the 
tensile strength and shrinkage rate. The results show that, with the aluminum silicate fiber addition increasing from 0 
to 0.24vol.%, the tensile strength increases linearly from 0.175 MPa to 0.236 MPa, and the shrinkage rate decreases 
linearly from 1.75% to 1.68% for the ceramic mould sintered at 400 ℃, from 1.37% to 1.31% for the ceramic mould 
at room temperature. As the sintering temperature was raised from 100 ℃ to 800 ℃, the tensile strength increases, 
and the shrinkage rate decreases at all temperatures, compared with those without fiber dispersion, but their variation 
patterns remain the same. Furthermore, the cracking trend of the mould and its decreasing proportion were defined 
and analyzed quantitatively considering both effects of the fiber dispersion on the strength and shrinkage. The cracking 
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the ceramic mould, i.e., inorganic fiber dispersion into the ceramic mould. 
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mould 
[2]. Thus, the shrinkage influences its cracking trend. 
The tensile strength of the ceramic mould reflects the ability to 
resist cracking of the ceramic mould. Obviously, improving the 
shrinkage and tensile performance for better crack resistance 
of the ceramic mould is very important to avoid casting defects 
and improve casting accuracy. Yuan 
[3] found that nylon 
fiber dispersion in ceramic slurry in investment casting could 
effectively improve the tensile performance and resist cracking 
of the ceramic shell. Harun et al. 
[4] reported that rice husk 
dispersion could increase the properties of both the green and 
fired bodies of ceramic shell mould. 
 However, polymeric and organic reinforcements are easy 
to burn out, resulting in gas generation and other problems, 
which eventually affect the quality of the castings. Therefore, 
in the present research, inorganic aluminum silicate fibers were 
dispersed into the silica sol based ceramic mould to investigate 
their effects on the tensile strength, the shrinkage rate and 
the crack-resistance of the ceramic mould. The aluminum 
silicate fiber was selected as the reinforcement due to the fact 
that its compositions (75% alumina and 25% silica and other 
oxide inclusions) are similar to the silica sol bonded quartz 
based ceramic mould, and it has good physical and chemical 
compatibilities with the ceramic mould 
[5] as well as low cost.323
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1  Experimental detail
1.1  Materials
JN-30 silica sol and quartz sand with different granularities 
were used in this study. The aluminum silicate fibers used are 
ordinary type and the addition changes from 0 to 0.24vol.% 
The JN-30 silica sol contained 30wt.% colloidal SiO2 particles 
with diameter ranging from 7 to 20 nm. The weight percent of 
quartz sand used with different granularities is listed in Table 
1. The slurry compositions for the ceramic mould samples are 
given in Table 2. The aluminum silicate fiber selected was 
the γ crystal structure (produced by the Luoyang Institute of 
Refractory), which contains 75wt.% alumina, 25wt.% silica 
and other oxide inclusions, and was cut to about 1 mm long 
before tests. Based on the observation under scanning electron 
microscopy (SEM), as shown in Fig. 1, the diameter of the 
aluminum silicate fibers ranges from 5 µm to 25 µm, and the 
surface of the fiber is quite smooth.
Table 1: Weight percent of quartz sand with 
different granularities
Table 2: Slurry compositions for the ceramic mould
        Slurry    Materials                   Proportion
      Silica sol                         1
Base composition              Mixed quartz sand            2.69 of silica sol
    15wt.% ammonium chloride solution       6.86wt.% of silica sol
            Silica sol                           1
                 Mixed quartz sand            2.69 of silica sol
     15wt.% ammonium chloride solution       6.86wt.% of silica sol
    Ordinary type aluminum silicate fiber  0-0.24vol.% (with 0.03% span) of ceramic slurry
Modified fiber
composition
1.2  Ceramic mould production
The ceramic slurry was produced in three steps. First, an 
elected amount of staple aluminum silicate fibers was added 
and dispersed evenly into the silica sol through stirring using an 
electric mixer. Then, ammonium chloride water solution was 
slowly added into the silica sol under stirring, until no obvious 
turbidity. Finally, the mixed quartz powders were added into 
the mixed solution through intense stirring for 5 min. 
The prepared slurry was poured into metal mould and 
gelled to form the ceramic mould samples. After the samples 
were demoulded, the dry was performed in the air at room 
temperature for 24 h. The sintering were done respectively 
at 100, 200, 300, 400, 500, 600, 700 and 800 ℃ at a rate of 5 
℃·min
-1, and held for 2 h, and then cooled to room temperature 
to measure the tensile strength and the shrinkage rate. 
For the tensile strength tests, the ceramic mould samples were 
8-shaped (as shown in Fig. 2). The tensile strength of the samples 
was tested on a XQY-II intelligent sand strength machine. 
Fig. 1: SEM image of aluminum silicate fibers For measuring the sintering shrinkage rate, the ceramic 
mould samples were cuboid, with dimensions of 100 mm 
× 100 mm × 10 mm. The shrinkage rate was measured and 
calculated as: 
                   Shrinkage rate (%) =                                        (1)
where l0 (mm) is the diagonal length of ceramic mould after 
grouting, l1 (mm) is the length of each sample after being 
sintered.
The microstructure of the sintering samples and fracture 
surface of the tensile samples were observed using a Hitachi 
S-3400N scanning electron microscope (SEM).
Fig. 2: Sample for tensile tests with thickness 18 mm 
2  Results and discussion
2.1  Microstructure of ceramic mould and 
distribution of aluminum silicate fibers
In ceramic mould casting, the mould must be sintered at 
certain high temperature to remove the contained water and 
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Fig. 4: Effect of sintering temperature on tensile 
strength of ceramic mould
obtain high enough strength to bear the weight and impact of 
the liquid metal during casting. In the paper, short aluminum 
silicate fibers were dispersed in the ceramic mould, whose 
distribution in the mould should influence their strengthening 
effect, so the microstructure of the sintered mould were first 
observed by SEM. 
Figure 3 is SEM micrographs clearly showing the 
microstructure of the ceramic mould sintered at 400 ℃， 
which is a medium and typical sintering temperature in the 
paper, and the distribution of the aluminum silicate fibers. 
The quartz particles with different sizes and the nano-
particles in the silicon sol bonder are agglomerated together 
so that individual particle cannot be distinguished. However, 
large numbers of microcracks appear uniformly in the 
microstructure, which should be caused by the large shrinkage 
of the ceramic mould during the dehydration and roasting 
process. Actually, the presence of microcracks is a feature of 
the ceramic mould precision casting. In addition, the aluminum 
silicate fibers are quite uniformly dispersed in the ceramic 
mould surface. 
Fig. 3: (a) Surface microstructure of 8-shaped ceramic sample sintered at 400 ℃, (b) Enlarged image of zone A in Fig. 3(a)
2.2  Properties of the ceramic mould
2.2.1  Tensile strength
The effect of sintering temperature on the tensile strength 
of the ceramic mould can be seen in Fig. 4. When a certain 
amount (0.12vol.%) of aluminum silicate fibers was added, 
the strength values were improved significantly and equally 
at all sintering temperatures over those without fibers, but the 
overall variation of the tensile strength curves were similar.
As shown in Fig. 4, when the sintering temperature was 
set at 100 ℃, the ceramic mould began to show some tensile 
strength. With the sintering temperature gradually rising up to 
800 ℃, the tensile strength totally went up, except two valleys 
for sintering at 200 ℃ and 600 ℃, respectively. The increasing 
of the tensile strength may be because there are three forms of 
waters existed, including free water, adsorbed water, structural 
water in the ceramic mould
 [6], and these forms of water was 
gradually removed one by one as the sintering temperature 
went up. The main reason of the valley at 200 ℃ is quite likely 
that the adsorbed water was heated into steam, leading to worse 
plasticity and strength of sand mould. As for the valley at 600 ℃, 
the main reason should be the occurrence of the phase transition 
stress between the quartz sand and the binder, because sudden 
volume expansion took place when quartz shifted from β to α 
crystal type at 573 ℃ in heating, and contraction when quartz 
shifted from α to β at 573 ℃ in cooling. 
As shown in Fig. 5, the tensile strength of ceramic mould 
increases with an increase in aluminum silicate fiber content 
when sintered at 400 ℃. A fitting straight line was presented 
as follows:
                                            (f ≤ 0.24%)                            (2)
where, sb (MPa) is the tensile strength of the ceramic mould,     
Fig. 5: Effect of fiber content on tensile strength 
of ceramic mould sintered at 400 ℃
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f (vol.%) is the volume fraction of the aluminum silicate fiber.  
The fitting straight line could be interpreted by the rule of 
mixing of composite materials as equation 3 
[7].
                                                     (3)
So, equation 3 can be transformed to equation 4.
                                                    (4)
where, sc (MPa) is the tensile strength of ceramic mould, f    
(vol.%) is the volume fraction of aluminum silicate fiber,  s -
f 
(MPa) is the volume average stress of fiber, and  s -
M  (MPa) is 
the volume average stress of matrix. 
The equation 4 shows that the tensile strength is proportional 
to the volume fraction of reinforcing fibers when the tensile 
strength of the fibers and the matrix are constant. Therefore, 
the equation (2) is reasonable, i.e., the tensile strength of the 
ceramic body increases linearly with the increasing of the 
aluminum silicate fiber volume fraction.
The fracture morphology of the aluminum silicate fiber 
reinforced the ceramic mould is shown in Fig. 6. It is clear that 
the aluminum silicate fibers were pulled out from the ceramic 
body, and most of the surface of the fibers was smooth, with 
only a little matrix material adhering on it. It indicates that the 
interface between the fibers and the matrix belongs to a strong 
mechanical bond, and their chemical compatibility is good.
In addition, the influence of the aluminum silicate fibers 
on cracking of the ceramic body can be observed in Fig. 3, in 
which many microcracks were formed on both sides of the 
fibers, but they could not propagate through the fibers and 
integrate. This suggests that the microcracks are blocked by the 
fibers due to its high strength when they expanded forwards, 
subsequently only propagated along the fiber interface, could 
not connect each other. Therefore, the aluminum silicate fibers 
played a role of toughening and strengthening effect in the 
ceramic mould. 
According to the tensile strength data and the microstructure 
observation, the strengthening mechanism of the aluminum 
silicate fibers to the ceramic mould could be interpreted as 
follows:
As shown in Fig. 7, after the ceramic mould with dispersed 
aluminum silicate fibers was sintered at high temperature, the 
quartz sand and binder grew together, also many microcracks 
were formed in the ceramic body; the fibers were tightly 
surrounded by the ceramic body due to its strong contract 
and good wetting between them. When beginning to act on 
the ceramic mould, the external load was transferred to the 
reinforcing fibers through their interface due to their higher 
strength, so that the ceramic mould was strengthened. As the 
external load increased, the internal microcracks propagated, 
until reaching the fibers. The microcracks could not run through 
the fibers due to their high strength, and they had to propagate 
along the interface between the fiber and the ceramic body 
due to lower strength there, and when the cracks extended 
to a certain length, the fiber was pulled out from the body
 [8]. 
Therefore, the strengthening mechanism of the aluminum 
silicate fibers can be concluded from three aspects: (1) the 
fibers have higher strength than the ceramic body; (2) the fibers 
change the propagation direction, and prolong the propagation 
path of the cracks; (3) the fibers consume the external energy 
through pulling out from the ceramic body and friction with it, 
so they prevent and delay the material fracture 
[7]. Fig. 6: Fracture surface of aluminum silicate fiber 
reinforced ceramic mould
   Fig. 7: Schematic diagram of aluminum silicate fiber reinforced ceramic mould: (a) original state of fiber in ceramic 
mould when the external load is low; (b) cracks are blocked when they expand to the fiber; (c) cracks turn to 
propagate along the interface between fiber and ceramic body; and (d)  fiber is pulled out as cracks propagate 
further
(a) (b) (c) (d)
Microcrack
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2.2.2  Sintering shrinkage rate
It is well known that the shrinkage rate determines the 
precision quality of ceramic mould. The higher the shrinkage 
rate, the lower the precision quality of the ceramic mould. 
As shown in Fig. 8, with the increase of sintering 
temperature, both the ceramic moulds with and without the 
dispersed fibers show the similar variation of shrinkage rate, 
i.e., the shrinkage rate first increases, with a higher increase 
trend before 100 ℃ than after 100 ℃, and then decreases after 
a critical temperature of 500 ℃. The higher increase trend before 
100 ℃ is reasonable because the free water that is dominant in 
the three types of water in the slurry was mostly evaporated 
when roasted at 100 ℃. With further temperature increase, 
the ceramic mould would continuously lose the adsorbed and 
structural water, and the shrinkage rate kept increasing. There 
may be two reasons for the lower increase trend after 100 ℃. 
One reason is the less quantity of the adsorbed and structural 
water than the free water. The other reason is that, with rising 
the sintering temperature, the quartz particles become close 
to each other, and the diameter of the capillaries gets smaller 
[9], so the following removal of the remaining water and the 
increase trend of the shrinkage rate were slowed down. When 
the temperature was higher than 500 ℃, the phase transition 
of quartz from β to α would cause the volume expansion and 
decrease the shrinkage rate. 
However, Figure 8 also shows that the ceramic mould with 
0.12vol.% fiber dispersion has lower shrinkage rate than that 
without fibers at all sintering temperatures. Furthermore, Figure 
9 shows that, the shrinkage rate of the mould reduces linearly 
and slowly with the increasing of fiber volume fraction. The fit 
lines are shown in equations 5 and 6, respectively, where Sroom 
(%) and S400 (%) mean the shrinkage rate at room temperature 
and after sintered at 400 ℃, respectively.
                                            
(5)
                                               (6)
The shrinkage reduction of the ceramic mould with fiber 
dispersion can be interpreted in two aspects. Firstly, internal 
pores among quartz particles could be decreased by aluminum 
silicate fibers, which reduce the area of loss water and the 
channel of moisture migration. Secondly, aluminum silicate 
fibers could scatter the capillary shrinkage stress and prevent 
concentration of local stress, which reduces the asymmetry 
shrinkage 
[10].
2.3  Influence of aluminum silicate fiber on  
crack-resistance of ceramic mould 
As shown in Fig. 10, in practice of the ceramic mould casting, 
the ceramic layer is often produced back on a sodium silicate-
bonded sand core. In that case, the shrinkage of the ceramic 
layer will be hindered by the core due to the difference 
between the low shrinkage rate of the core and the high 
shrinkage rate of the ceramic layer. So, the internal stress 
would be caused in the ceramic mould by the shrinkage in the 
process of drying and sintering, and be in proportion to the 
shrinkage strain, as shown below:
  Fig. 8: Effect of sintering temperature on shrinkage 
rate of ceramic mould
Fig. 10: Stress diagram of fiber reinforced ceramic 
matrix composites
Fig. 9: Effect of added fiber amount on shrinkage 
rate of ceramic mould
                                                            (7)
                                                             (8)
where, sM and sC are the internal stress of ceramic mould and 
the fiber reinforced ceramic mould, respectively. EM and EC are 
corresponding elasticity modulus. eM and eC are corresponding 
strains.
C is defined as the cracking trend of the ceramic mould 
caused by its shrinkage in the gelling and sintering process.
                                                   
(9)
                                                      (10)
σM = -EM· εM
σC = -EC· εC
σC
[σC]
CC  -EC· εC
[σC]
  -EM· εM
[σM] [σM]
σM CM
Fiber dispersed
ceramic mould
Sodium silicate-bonded sand327
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where, CM and CC are the cracking trend of the ceramic mould 
and fiber reinforced ceramic mould, respectively; [s M] and 
[sC]  are the permissible stress of the ceramic mould and fiber 
reinforced ceramic mould when cracks begin to originate, i.e., 
the measured tensile strengths of the ceramic mould without 
and with fiber dispersion in the paper, respectively. 
K is defined as the decrease proportion of the cracking trend 
of the fiber reinforced ceramic mould as compared to that 
without fibers, and can be expressed as follows:
         
 (11)
EM, e M, [s M] of the ceramic mould without fibers should 
be constants. Figure 6 shows that the tensile strength of 
ceramic mould increases linearly with the increase in the 
aluminum silicate fiber addition. That means [s C] ascends 
with the increasing of fiber content. Figure 9 demonstrates 
that the shrinkage rate slightly decreases with increasing fiber 
content. That means eC decreases with increasing fiber content. 
Therefore, the cracking trend of the fiber reinforced ceramic 
mould should decrease with increasing fiber content.
In this work, in order to simplify calculation, EM and EC are 
treated as the same because only very small amount of fibers 
was dispersed into the ceramic mould. [sM] and [sC] are the 
measured tensile strengths of the ceramic mould and fiber 
reinforced ceramic mould, respectively. So, equation 11 can be 
simplified as equation (12).
      
    (12)
Equation 12 shows that, with an increase in the dispersed 
fibers, the [s C] increases, and the e C decreases, so K will 
increase, suggesting that the fiber dispersion certainly improve 
the crack resistance of the ceramic mould due to both effects of 
the tensile strength increase and the shrinkage decrease by the 
dispersed fibers. As shown in Fig.11, the K value is calculated 
for all fiber dispersed mould samples sintered at 400 ℃, 
Fig. 11: Influence of fiber content on decrease proportion 
of cracking trend of ceramic mould
which proves that the crack resistance of the ceramic mould 
is improved with increasing fiber content. When 0.24vol.% 
aluminum silicate fiber was dispersed into the ceramic mould, 
the improvement of cracking resistance was achieved at 
28.8%.
3  Conclusions
(1) For the ceramic mould reinforced by aluminum silicate 
fibers, the tensile strength increases, and the shrinkage 
decreases at all sintering temperatures ranging from 100 ℃ to 
800 ℃, compared with those without fiber dispersion, but their 
variation patterns remain the same.
(2) With the aluminum silicate fibers increasing from 0 to 
0.24vol%, the tensile strength increases linearly from 0.175 MPa 
to 0.236 MPa, and the shrinkage rate decreases linearly from 
1.75% to 1.68% when the ceramic mould sintered at 400 ℃.
(3) The cracking trend of the ceramic mould and its decrease 
proportion are defined. The cracking trend of the ceramic 
mould can be decreased linearly with fiber content up to 
0.24vol.%, by both effects of the tensile strength increase and 
the shrinkage decrease by the fiber dispersion. 
References
[1]  Wu Lan. The applied research of silicate sol. Journal of 
Northwest Minorities University, 2002, 23 (4): 19-20. (in 
Chinese)
[2]  Zhang Yeming, Zeng Ming, Hu Li. Study on roasting process 
of zircon-silica sol ceramic mould. China Foundry, 2011, 8 (2): 
187-189.
[3]  Yuan C and Jones S. Investigation of fiber modified ceramic 
moulds for investment casting. Journal of the European 
Ceramic Society, 2003, 23: 399-407.
[4]  Harun Z, Kamarudin N H, Badarulzaman N A. Shell mould 
composite with rice husk. Key Engineering Materials, 2011, 
471-472: 922-927.
[5]  Wu Renjie. Alumina Fiber. In: Composites, Part 8 Chapter 2. 
Tianjin: Tianjin University Press, 2000: 74-76. (in Chinese)
[6]   Xu Yunxiang, Lu Rui and Li Lei. The micelle structure and the 
process of drying of silicate sol. Special Casting & Nonferrous 
Alloys, 2004 (2): 52-54. (in Chinese)
[7]  Clyne T W, Withers P J. An introduction to metal matrix 
composites. Cambridge University Press, 1993.
[8]  Li Shipu. Fiber Reinforced Ceramic. In: Special Ceramic 
Technologies, Part 2 Chapter 3. Wuhan: Wuhan University of 
Technology Press, 1990: 154-155. (in Chinese)
[9]    Liu Weiliang. Drying. In: Advanced Ceramic Technologies, Part 
1 Chapter 3. Wuhan: Wuhan University of Technology Press, 
2004: 99-100. (in Chinese)
[10]  Feng Zhihui, Yao Wu. Influence of synthetic fiber categories on 
the dry-shrinkage cracking mode of cement-based composites. 
Journal of Materials Science & Engineering, 2005, 23 (4): 578-
600. (in Chinese)
  EM· εM
[σM]
  EM· εM
[σM]
 EC· εC
[σC] CM-CC
CM
CM-CC
CM [σC]· εM
[σM]· εC